Abstract. Superconducting bolometers and calorimeters are used in many applications, such as infrared astronomy, fast spectroscopy of condensed matter excitations or even in particle physics and plasma diagnostics. The development in this field has a long history and is very active and numerous successful applications can be counted. Many of the detectors discussed in this article make use of the steepness of the resistance-temperature characteristics at the transition between the normal and superconducting phase of superconductors. This overview includes low-T C calorimeters, mainly for applications to particle and astrophysics, and high-T C bolometers which could replace presently used detectors. In addition, related detection techniques will be addressed.
Introduction
In almost all experimental sciences, detectors play a very important role. Quite often, the quality of an experiment depends very much on the performance (e.g. resolving power, detection threshold) of the detector in use. A detector in general can be viewed as a device which transforms one quantity (e.g. energy, flux) into a different quantity (e.g. electrical current, mechanical displacement). Superconducting bolometers, being one of these kinds of detector, transform a change of power input into a change of electrical resistance. Bolometers are especially employed in space radiometry, optical communication, thermal imaging for military and biomedical applications or for non-contact temperature measurements.
A bolometer in general consists of an absorber for radiation or particles, a temperature transducer (thermometer) and a thermal link to a temperature reservoir (see figure 1) . Bolometers where the thermometer and the absorber are identical are called monolithic detectors; those where a thermometer is attached to a separate absorber are referred to as composite bolometers. The noun 'bolometer' is a composite word of greek origin, namely of bole (beam, ray) and metron (meter, measure). In practice, a bolometer measures the amount of radiation incident on an active area by producing a corresponding electrical signal. By contrast, a calorimeter measures the energy of single particles absorbed in the detector.
Research on superconducting bolometers began in 1938 at the Johns Hopkins University [1] . This work was motivated by the idea that exploitation of Figure 1 . A bolometer consists in general of an absorber characterized by its specific heat C , a thermometer and a thermal link with heat conductance g to a constant-temperature reservoir T B . Radiation is absorbed by the absorber which changes its temperature. The thermometer responds to changes of temperature by a change of resistance. It is measured by passing a constant current I through the thermometer and by observing the voltage drop across it.
superconductivity could lead to faster and more sensitive bolometers. The results of this work dealing with a tantalum bolometer were published in 1942 [2] . The H Kraus work was continued in autumn 1942 to see whether the high sensitivity attained could be combined with a fast response. Independently, Goetz suggested superconducting bolometers [3] .
The high sensitivity of such a superconducting bolometer is achieved via the steepness of the transition between the superconducting and normalconducting phase. Furthermore, since the specific heat of most materials decreases significantly with temperature, the time constant of the bolometer shortens and thus faster detectors as compared to room-temperature detectors can be built.
Bolometers for infrared and millimetre waves in general are discussed in a review article by Richards [4] . This article deals mainly with composite semiconductor detectors operating at or below the temperature of liquid helium.
In addition, superconducting bolometers are discussed. The delevopment of low-T C bolometers was reviewed by Clarke et al [5] . The thermal as well as non-equilibrium response of low-T C and high-T C superconducting materials was discussed in articles by Kruse [6] , Frenkel [7] and Khrebtov [8] . Zhang and Frenkel summarize the response of superconductors to optical radiation and the progress in the development of infrared detectors [9] . Especially the optical properties of high-T C materials and the non-equilibrium response of low-T C materials are discussed.
Among the different detectors, some confusion might exist how different authors name their devices. Expressions such as bolometer, calorimeter, thermal detector or photon (or quantum) detector are used. In addition, coherent detectors, e.g. heterodyne receivers, could also be discussed in the context of superconductive bolometers [10] [11] [12] .
Thermal circuits and electrical circuits are very similar, e.g. a heat reservoir is equivalent to an electrical capacitor and a thermal link is represented by a resistor. The distinction between calorimeter and bolometer, for example, can be discussed in the analogy of the electrical circuits, charge meter and current meter (see figure 2 ). Both the charge meter and the current meter are very similar in design. It is the choice of the feedback components which determines the function of the circuit.
In case of the charge meter, the resistor R F has a high value (R F → ∞) and the integrating effect of the capacitor C F dominates for frequencies ω (R F C F ) −1 . The transfer function for a charge meter can be written as
Thus, the maxima of the output voltage U A (t) are proportional to the charges Q contained in the current pulses I (t). This holds for the case where the time τ g between the arrival of the individual current pulses is much longer than the characteristic time τ F = R F C F and if the duration τ p of the individual current pulses is much shorter than τ F . Then, the order of the time constants is τ g τ F τ p . The purpose of a calorimeter is to measure the energy E of single quanta, e.g. x-ray photons, γ -quanta. Thus τ p becomes very short, e.g. the thermalization time in the absorber and τ F should be made as short as possible while still satisfying the condition τ F τ p . In the calorimeter case the temperature rise T or the transfer function is given by
which has a similar form to equation (1) for the charge meter. For high sensitivity, i.e. large change in temperature T for a given energy deposition E, the specific heat C of the calorimeter should be made as small as possible. Also the thermal conductance g of the thermal link between the calorimeter and the constant temperature reservoir should be minimized in order to satisfy the condition τ F = C/g τ p . Then the term ig/(ωC) may be negligible and the temperature rise is T = E/C. Since both C and g reduce in almost all cases by lowering the operating temperature, low-temperature detectors should exhibit much higher sensitivities compared to room-temperature devices. The simple form of equation (2) assumes a thermal distribution of excitations in the absorber or thermometer and that the calorimeter is of the very simple type shown in figure 2(a). It is also assumed that the temperature change T is small and that the specific heat C and the thermal conductance g can be assumed constant. A more realistic model is discussed by Pröbst et al [13] .
In the case of a current meter, the feedback resistor should be the dominant feedback component. Thus, it should be chosen small in order not to be limited by some parasitic capacitance C p which might appear in parallel to the feedback resistor R F . A higher value of R F increases the current sensitivity but could turn a current meter into a poor charge meter! The transfer function is U A = I R F if there is no parasitic capacitance C p . Such C p , however, is in practice always present and this applies especially to the bolometer, where the parasitic capacitance is the heat capacity of the absorber. The transfer function of a current meter is (see figure 2(b))
The purpose of a bolometer is the measurement of a flux of particles or radiation, e.g. black-body radiation or infrared light. A flux or current is caused by single carriers of information, e.g. electrons in the case of electrical current. We speak of a particle flux rather than of individual particles, if the time τ g between the arrival of the single particles is well below the time resolution τ F of the device which measures the flux and the time τ p during which the particle deposits its energy and causes a change of the detector output signal. Therefore, the time constants in the bolometric mode follow the requirement τ F τ p τ g . A bolometer responds to a flux with a temperature change T as
To optimize the responsivity, the conductance of the thermal link g should be small. In order to measure the flux rather than the integral of it, namely the energy, the term iωC/g has to vanish, whence C has to be very small. In the calorimetric as well as in the bolometric mode the maximum sensitivity is attained by minimizing the time constant τ F . Thus, the optimization criteria are very similar in both cases and a device designed as a bolometer can often be used as a calorimeter and vice versa. The operation mode is determined by the ratio of the instrument's characteristic time constant τ F and the average time between arrival of individual quanta τ g τ F τ p τ g bolometer
Assuming τ F τ p leads to
Equation (6) shows that one has to know the application of a detector before one can decide to name it either a bolometer or a calorimeter. It is the ratio of the mean time between the arrival of the energy carriers and the response time of the instrument which determines the operating mode. Viewing the detector alone is in general insufficient to give it a name. For the rest of this article, 'bolometer' will be used for the general case. Only where it is obvious from the application that energy rather than power is measured will the detector be called a 'calorimeter'. Dependent on the actual application one or the other quantity of a detector is considered the most important figure of merit. This may be justified in a particular case, but, since bolometers are used in such a wide variety of applications, an attempt to compare detectors may be sometimes confusing. The NEP (noise equivalent power) of a bolometer is defined as the power in a 1 Hz bandwidth one has to present to the detector in order to receive a response of the same signal height as the noise. Often, its inverse, the detectivity D is quoted
Other authors consider the specific detectivity D * as the figure of merit. Here, A denotes the active area of the bolometer
The figure D * is useful in cases where the dominant noise source is the black-body radiation which exhibits an area dependence of √ A. However, not all detectors, especially those operating at very low temperature, show such noise behaviour. It is further assumed that the noise is white in the frequency range of interest. This may also not hold for bolometers with thermometers which exhibit high 1/f noise, e.g. caused by grain boundaries, generationrecombination effects, or edge effects. The definition of noise equivalent power NEP is good for bolometers, where the signal to measure is indeed power. In the case of a calorimeter, NEP, D or D * are not very useful quantities. Moreover, the number to quote for a calorimeter is the minimal energy which can be detected or the threshold energy per mass of the detector.
Applications
Bolometers as well as calorimeters are used in a variety of applications. For example, in space sciences the observed wavelengths range from infrared radiation via microwave and optical to soft x-ray. The objectives of measurements with bolometers are manifold and encompass infrared spectroscopy, radiometry, noctovision, pulse photometry, plasma diagnostics or measurement of phonon propagation. The list is far from being complete and, with improved bolometer technology, new fields of applications may be added.
Bolometers and calorimeters are sensitive over a wide range of energy, from centimetre wavelength (∼ meV) via the visible spectrum (∼ eV) up to the x-ray domain (∼ keV). Since their spectral sensitivity is not a strong function of wavelength (or frequency), bolometers are often used as calibration devices for other detectors. Bolometric detectors are also favoured as microwave detectors because of this almost constant response over frequency. For the same reason bolometers respond to microwave radiation nearly equally as to power supplied at lower frequency, or even at direct current.
Bolometers play an important role in the observation of far-infrared astronomy from low-background platforms or satellites [5] . They are easy to operate and exhibit a flat response over a wide range of energy. The mapping of extraterrestrial infrared sources is for example such an application requiring the ultimate in detector sensitivity. The success or the failure of such a programme may well depend on the performance of the actual detector in use. The highest sensitivity of the detector is also needed for the survey of the cosmic background radiation. In applications where ultimate sensitivity is required and where multiplefocal-plane instruments are employed, bolometers may cover the far-infrared region (20 µm to 1 mm) where the wavelength is too short for heterodyne detectors and too long for quantum effect detectors [14] .
Massive cryogenic calorimeters are being developed as particle detectors with low energy threshold and good energy resolution [15] . Such detectors could be used for the search for dark-matter candidates, e.g. WIMPs. Such weakly interacting massive particles could be detected via their elastic scattering off nuclei in the absorber. These calorimeters consist often of a dielectric absorber to which a superconducting phase transition thermometer is attached. However, one could also argue that such a thermometer is a superconducting bolometer for non-equilibrium phonons created in the absorber.
Depending on the objective of an experiment, either antenna coupling or absorber coupling is used. In the case of antenna coupling, only one polarization and one spatial mode is detected [12] . Absorber-coupled bolometers do not distinguish between polarizations. Time of flight measurements in molecular beam analysis is also a field of application for fast superconducting bolometers [16] . Even faster bolometers are used to study the properties of very high-frequency phonons in solids at low temperatures [17] .
The bolometer
The basic detection process within a bolometer is the conversion of a temperature rise into a change of electrical resistance. The temperature rise may be caused by a variety of stimuli. In this section some of the different types of bolometer (or temperature transducer) are discussed for comparison with superconducting temperature sensors. Several mechanisms can be employed to convert incident radiation into an electrical signal.
Normal metal strips
The original bolometer was constructed by Langley, who used platinum foils and ribbons for solar observations. Metals exhibit in a first approximation a linear dependence of the resistance on temperature [18] . Thus, a change in temperature T causes a change in resistance R as
with α the temperature coefficient and R 0 the resistance at the operating point. Operated in a constant-current mode, the voltage drop across the device is directly proportional to the change in temperature caused by incident power. The specific heat capacity of normal metal strips is comparatively high. Hence, to achieve a high detector sensitivity the bolometers needed to be small. The good mechanical properties of nickel and platinum made them preferred materials for bolometers. Also of interest is bismuth because of its low electronic heat capacity. Metal strips of thickness in the range of 10 to 50 nm were deposited by sputter deposition or by evaporation. In normal metals, the temperature coefficient α is proportional to T −1 . Thus, lower operating temperatures are more favourable if high sensitivity is a concern. A typical temperature coefficient for metals at room temperature is α ≈ 0.003 K −1 .
Thermistors
Thermistors are also used for bolometers. Usually, for this purpose, manganese, cobalt or nickel oxides are sintered together and mounted on a sapphire substrate. A temperature increase of the metal oxide films causes an increase of the density of free charge carriers. Thus, the film resistance reduces with increasing temperature. The temperature coefficient is about α ≈ −0.05 K −1 which is already one order of magnitude higher than that for metal strip bolometers. The temperature coefficient exhibits a temperature dependence such as α ∝ T −2 . RuO 2 films as sensors have been studied at temperatures below 100 mK [19] . The resistance of these RuO 2 films is given according to the standard Mott law. The temperature coefficient α can be derived accordingly
A sensitivity close to that of semiconductor thermometer has been demonstrated.
Semiconductor thermometers
Very sensitive bolometers can be made with semiconductor thermometers. These bolometers have a long history in infrared detection. Low used a germanium single crystal doped with gallium and operated it at a temperature of T = 2 K [20] . With this device he obtained a sensitivity close to the theoretical limit. He gave an empirical relation between temperature and resistance R(T ) = R 0 (T 0 /T ) A . In his experiments A was typically A = 4, but dependent on the individual bolometer. Thus, α = −A/T ≈ −2 K −1 was achieved. In comparison, room-temperature semiconductor thermometers achieve α ≈ −0.05 K −1 . Since the days of these early semiconductor thermometers, improvements have been made and values of α between −4 K −1 and −10 K −1 can easily be produced. Intrinsic semiconductor thermometers exhibit an exponential temperature dependence of the resistance. The temperature coefficient follows a power law [21] :
The coefficient B for intrinsic or lightly doped semiconductors is unity. However, such thermometers are not useful at low temperatures as a consequence of the unacceptably high resistance. For applications as thermometers to lowtemperature bolometers, heavily doped semiconductors are used. If doped close to the metal-semiconductor transition, electron transport is governed by a variable-range hopping mechanism and the parameter B is approximately 0.5 [22] . Doped semiconductors exhibit a high specific heat which is detrimental for detectors of high sensitivity. With modern technology, however, it is possible to dope only a very restricted area of the absorber [23] . Such design is the basis of the composite bolometer, where absorber and temperature transducer are not a single entity.
Composite bolometers
In the above-mentioned cases, it was implied that the absorber for the incident radiation and the temperature transducer were monolithic, i.e. the temperature sensitive element itself was used as the absorber. Composite bolometers employ separate absorber and thermometer. The main advantage is that detectors with large active area or volume but also with fast response can be fabricated. Especially in conjunction with superconducting phase transition thermometers, composite bolometers are the predominately used type of detector. A crucial parameter in this optimization is the specific heat of the absorber. For example, sapphire exhibits a specific heat of only about 1/60 of that of intrinsic germanium. Some freedom in the choice of the absorber is also very advantageous for a variety of experiments. Composite detectors have a wide range of application, such as x-ray astronomy or the search for dark-matter candidates.
Superconducting phase transition thermometers
In sensor development, a temperature transducer with a potentially very high sensitivity for the transformation of a temperature into an electrical signal is the superconducting phase transition thermometer, which exploits the steepness of the transition between the superconducting and the normal-conducting phases (see figure 3 ). Temperature coefficients α of several hundreds per Kelvin can be achieved. However, important for detector performance is the signal to noise ratio. While noise is well understood in the case of semiconductor thermistors, this is often not the case with thermometers involving superconducting films [24] . Superconducting bolometers are already applied in a wide field of research. Temperature transducers involving superconductivity can be built in a great variety. This review will discuss the different types of superconducting thermometer: (1) low-T C bolometers and calorimeters (2) high-T C bolometers (3) SNS and SIN bolometers and calorimeters (4) alternative bolometers.
Theory of operation

The signal
Viewing the thermometer as a resistor R 0 through which an accurately controlled current I flows, the voltage drop V as a function of temperature change T is given by
The steepness of the transition between the superconducting and the normal-conducting region gives rise to a very high responsivity since dR/dT can be very large. The temperature response of a bolometer according to figure 1 can be calculated with the differential equation for the heat flow in the detector:
C, g and T B are the heat capacity of the detector, thermal conductance of the thermal link between detector and temperature reservoir, and temperature of the reservoir, respectively. P (t) is the power of incident radiation and η is the absorptance of the detector. In the case of a calorimeter, which detects single particles, each with energy E i and arriving at time t i , the external input power becomes:
Internal power is caused by Joule heating of the thermometer resistor due to the measurement current. The first-order expansion of the thermometer resistance R yields R = R 0 + (dR/dT ) T . If the steady state temperature is not of interest, the equation for the time dependent part of the temperature change T becomes
The solution in the frequency domain is
The responsivity of a bolometer is defined as S = V /P , where V is the change in voltage drop across the thermometer as a consequence of a change in power input P
Depending on the time constant τ = C/g eff , typical values for noise equivalent power at low frequencies range from 10 −9 W Hz −1/2 to 10 −15 W Hz −1/2 . The solution to equation (15) has the behaviour of a low pass which filters the input signal P (ω) and exhibits a corner frequency of ω LP = g eff /C. The transfer function S is directly measured if the response of the detector is measured for single particles instead of a continuous flux of particles incident on the detector. The thermal conductance g of the link to the heat sink is modified by the additional power input due to the measurement current I to give an effective thermal conductance g eff . For stable operation, avoiding thermal runaway, g eff has to remain positive all times. This condition is always true for semiconductor temperature transducers where α is negative and, thus, a higher measurement current I causes g eff to increase. Superconductor bolometers have a positive value of α and, therefore, the measurement current I has to be limited such that g eff is always positive.
A resistive thermometer changes its resistance in response to a change in temperature. This temperature change can be measured either in a constant current mode (see figure 4(a)) or in a constant-voltage mode (see figure 4(b) ).
In practice, bridge circuits or current distribution concepts are also frequently employed [5, 15] .
Semiconductor bolometers are most often operated in a constant-current mode, while for a superconducting thermometer constant-voltage operation is favoured. Superconductive thermometers exhibit in general a low resistance and therefore an optimal signal to noise ratio suggests readout with a current meter, like a SQUID. Thus, a constant-voltage mode is often used. This mode has the advantage of avoiding thermal runaway of the thermometer caused by excess heating during a change in temperature. The absorption of power causes the thermometer resistance to rise, thereby reducing the electrical heating power (V 2 0 /R). The divergence in equation (16) is called thermal runaway for a bolometer exhibiting α > 0 for biasing currents so high that g eff = 0. On the contrary, semiconductor thermometers are usually operated in a constant-current mode. They are read out with low-noise voltage amplifiers perfectly matched to the high impedance of the semiconductor thermistor. Such thermometers reduce their resistance with increasing temperature and should therefore be operated in a constant current mode to avoid excess heating (I 2 0 R). The extra heating power in constant-voltage mode can be also employed to realize electrothermal feedback [25] . In this mode the thermometer is thermally well coupled to a substrate which is cooled to a very low temperature. The thermometer itself is heated by the power it dissipates such that the desired operating temperature is established. Via feedback, the current through the thermometer is controlled such that the temperature is kept constant. Once external power P is absorbed by the bolometer, the current through the thermometer is reduced to compensate for the additional power. The signal P = V 0 I is then taken off the control loop. In the case of a calorimetric mode, the energy E of a particle absorbed is given by
The advantages of such a readout are that the signal is selfcalibrating, the time constant of the system is shorter than its intrinsic one and that the linearity and dynamic range of the detector are improved compared to the non-feedback version [25] .
The noise
In general not only does a sensor give a signal in response to a stimulus, but also noise of various origins exists which has a detrimental effect on the measurement process. The performance of a detector is described by its signal to noise ratio, R SN , where the noise equivalent power NEP denotes the signal power which causes the signal to noise ratio R SN to become unity. The various noise sources in bolometers are extensively discussed in the literature. A very detailed analysis is given in [26] . Here we restrict ourselves to simplified terms. To calculate the signal to noise ratio of a detector, both signal and noise must be referred to the same point in the circuit. It is legitimate to compare signal and noise at the output of a preamplifier; however, it is common practice to refer all noise sources to the input of the preamplifier to the output of the thermometer. The transfer functions of the various components present in the circuitry of detector and preamplifier enter the calculation. It is commonly assumed that a filter amplifier is employed after the preamplifier. It is always possible to calculate an optimum filter for a system. In reality, however, the optimum filter cannot always be realized. Further, to implement a specific kind of detector bias and read-out scheme, electrical components are necessary which cause an increase of system noise. It is thus always a trade-off between signal to noise ratio and other requirements imposed on the detector read-out. In order to simplify the discussion of noise sources here, simple current bias and measurement of the voltage drop across the thermometer is assumed.
Thermal noise.
Energy fluctuation between the bolometer and the temperature reservoir across the thermal link is often referred to as phonon noise. Considering a detector with total heat capacity C and a thermal link with heat conductance, g, a fluctuation of the energy content of the absorber is caused by the random movement of energy carriers through the thermal link. An elementary result of classical statistical mechanics gives the mean square magnitude of the energy fluctuations [27] :
2 C, where T is the operating temperature of the detector. This classical thermodynamic treatment assumes an equilibrium distribution of phonons. However, in reality, the phonon spectrum may be athermal and corrections must be made [9, 13] . This noise source is an important limit for the sensitivity of a bolometer. The fluctuation of energy exchange due to random propagation of energy carriers need not be restricted to phonons. Energy may also be exchanged by electrons, photons or quasiparticles.
A commonly neglected noise source is a temperature fluctuation of the temperature reservoir due to boiling cryogenics. Such fluctuations can be greatly minimized by the introduction of a large heat capacity with a long time constant to buffer the temperature reservoir to the detector.
Photon noise.
Not only the exchange of heat across the thermal link causes noise.
Also photons radiated from the detector and those impinging on it carry energy. Radiative exchange of energy takes place with the environment of the detector, e.g. the walls of the enclosure. This noise source can be neglected if the surroundings of the detector is cooled sufficiently. A noise source which cannot be avoided arises from background radiation in front of which a radiative source is to be observed. If a detector is called background limited (BLIP), this type of photon noise dominates. In such case, a further maximization of the responsivity is not desired. Since Ge-bolometers operated at a temperature of 300 mK are in fact background limited and easy to operate, superconducting bolometers with their significantly higher burden in electronic read-out are less favoured for these applications.
4.2.3.
Amplifier noise. Amplifier noise is always present. But in most applications its contribution can be made negligibly small by proper impedance matching, by cooling of components and by increasing the responsivity |S| of the detector.
Johnson noise.
A noisy resistor can always be replaced by a noiseless resistor R in series with a noise voltage generator. The cause of Johnson noise of a resistor is the random scattering of electrons while passing through the resistor. The dissipation fluctuation theorem explains the temperature dependence of the Johnson noise. While electrons are moving through the resistor in one direction, they undergo scattering which reduces their velocity in the direction of the current. Thus, energy is dissipated from the moving electrons. Scattering is a random process and is governed by Poisson statistics. At lower temperature, less scattering is required to produce the same resistance. Thus, fewer fluctuations occur and the noise of a resistor is lower at lower temperatures.
In the case of the thermometer resistor, it is easy to see that the noise voltage generator is directly added to the signal voltage. Therefore, no other electrical transfer functions enter. To convert the voltage noise of the thermometer to a noise equivalent power, it simply has to be divided by the responsivity S of the detector.
4.2.5.
Load noise. A load resistor R L for the thermometer also contributes Johnson noise, as does the thermometer. This noise is usually made negligible by using a value for R L much higher than the thermometer resistor (R L R 0 ) and by cooling to very low temperature. It is further neglected.
4.2.6. 1/f noise. This noise depends strongly on the properties of the thermometer films. It is not a problem in films of high quality. Especially in the fabrication of high-T C bolometers, a trend exists to grow epitaxial films in order to minimize 1/f noise sources. The magnitude of 1/f noise is also dependent on the coupling between the substrate and the film [28, 29] . Excess low-frequency noise caused by various sources may also be identified as 1/f noise. Better detector materials and good electrical contacts help reduce 1/f noise.
Excess noise.
This term arises from various noise sources, which are associated with the environment. There could be temperature fluctuations in the temperature reservoir, vibration, external electrical interference, pickup from radio or television transmitters or microphony of the detector. It is important to reduce these noise sources to a level well below the unavoidable noise sources.
To calculate the total noise equivalent power NEP, all single noise contributions may be added in square since they are uncorrelated
The contributions in equation (18) and i 2 n denote the voltage and current noises of the preamplifier referred to its input.
The energy resolution of a calorimeter is given by E rms = ξ √ τ NEP(0), where NEP(0) is the noise equivalent power of zero frequency [30] .
For the calculation presented here, it is assumed that the calorimeter exhibits a responsivity S as in equation (16), τ = C/g eff , Exc. noise in equation (18) is neglected and that optimal filtering of the signal is assumed. ξ is the fourth root of the ratio of the frequency dependent and frequency independent contributions to (NEP) 2 . For the calculation of the phonon noise, thermal feedback was neglected and the thermal link is described by its equilibrium heat conductance g rather than g eff (cf equation (14)). 1/f noise is usually also present in such a detector. It may be written as γ I
where γ is a constant characterizing the 1/f noise and ω m is the frequency at which the measurement takes place.
The second term of equation (18) (photon noise) dominates in BLIP limited bolometers. Since the photon background in infrared astronomy depends on the position of the object to be observed and cannot be reduced, an increase of the responsivity |S| for a BLIP limited bolometer yields no improvement and a Ge bolometer operated at T = 300 mK may indeed be optimal. In the case of a calorimeter for dark-matter detection, a photon background can be completely avoided, since the detector can be completely surrounded by cold walls. Thus, the first term should be the dominant noise contribution in that case. The second term is then much smaller than in the BLIP case. Then, the energy resolution of such a calorimeter (with electrothermal feedback) becomes E rms = ξ √ 4kT 2 C. ξ can be considerably smaller than unity and it reduces with increasing responsivity |S|. Thus, thermometers with very high responsivity |S| would be ideal for this application. Superconducting phase transition thermometers are well suited and therefore actively developed.
The fundamental noise limit of a bolometer is given by the fluctuation of its energy contents. Energy contained in the bolometer is exchanged with the environment or the temperature reservoir via thermal links. Usually, separate expressions are given for the fluctuations caused by blackbody radiation and by heat conductance through the thermal link. All these separate contributions can be combined to give a generalized energy conductance g between the bolometer and the environment.
The functional dependence of g on temperature T is governed by the media transporting the energy. If phonons are treated in the quasi-continuum approximation they exhibit a linear dispersion relation, as do photons, whence the temperature dependance is the same for the first two terms in equation (19) 
By proper choice of the material of the thermal link between the bolometer and the temperature reservoir, almost all desired time constants can be achieved.
Low-T C bolometer and calorimeter
Superconducting phase transition thermometers using low-T C superconductors such as Al, Ta, Sn, Nb or NbN have been developed since 1938. The rapid progress in semiconductor technology however furnished semiconductor thermometers which exhibited comparable sensitivity.
As read-out electronics for semiconductor thermistors is generally less complex than for superconducting phase transition thermometers, the choice of instruments was very often in favour of the semiconductor bolometer. Still, low-T C bolometers and calorimeters have their niches of application, such as bolometers for studies of phonon propagation or ultrafast spectroscopy from visible to far-infrared radiation and massive calorimeters for rare-event search.
Clarke et al demonstrated a composite transition edge bolometer for far-infrared applications [5] . The aluminum films on the surface of a sapphire substrate of 4 × 4 mm 2 area had a width of 250 µm and thicknesses ranging from 50 to 150 nm. The substrate was suspended with indium coated nylon threads in a copper frame. The thermal conductance of these threads was typically 2×10
at the operating temperature of 1.25 K. On one side of the single-crystal sapphire substrates (thicknesses: 50 µm and 135 µm) the aluminium thermometer and a bismuth heater were deposited. The backside of the substrate was covered with a 80 nm thick bismuth film which served as absorber for far-infrared radiation. The copper frame was suspended from the vacuum can with nylon screws. A heater wound on the frame was used to stabilize the phase transition thermometer in its transition. The time constant of the frame was ∼100 s, sufficiently long to suppress slow changes of the temperature of the helium bath (T ≈ 1.1 K) or background radiation while not affecting the signal at chopping frequencies of > 1 Hz. The temperature of the Al thermometer was measured and negative feedback via a low-pass filter to the frame heater was employed to stabilize the temperature of the bolometer. A noise equivalent power of NEP = 1. [31] used an Al bolometer of 100 by 100 µm area and a thickness of 20 nm to study ion bombarded sapphire surfaces in heat-pulse experiments [31] . The thermal response time of this bolometer was τ = 20 ± 2 ns. A deconvolution algorithm was developed to improve the time resolution to approximately 10 ns [17] .
A bolometer for study of IR multiple photon resonances of polyatomic molecules was operated as described in [32] . The thermometer was made of granular aluminium and was operated at a temperature of 2 K. The responsivity was S ≈ 2 × 10 4 V W −1 with an effective time constant of τ e ≈ 60 ns for excitation by radiation. The characteristics of this bolometer lie between those of a very fast superconducting bolometer with subnanosecond response time but responsivity of only ∼ 10-100 V W −1 and a semiconductor bolometer with 10 5 V W −1 responsivity but insufficiently long response time of τ > 10 µs [33] .
One of the main shortcomings of aluminium bolometers is their short lifetime. The films have little mechanical strength, oxidize in air, and exhibit a tendency to suffer damage during cycling between room temperature and operating temperature. To avoid these disadvantages, bolometers with a temperature sensing element made from a refractory metal were investigated. Borisenko et al used rhenium as thermometer material [34] which has an application to particle physics [35] . Granular NbN as thermometer material was investigated because of its high transition temperature [36] . Leung et al demonstrated a bolometer made of NbN/BN granular films [37] . In an application to far-infrared spectroscopy in the 50 to 400 µm wavelength band, a responsivity of 0.2 V W −1 at a detector response time of ∼ns was shown. So far, bolometers used to measure radiation or a continuous flux of particles, have been discussed. In the following, calorimeters for the measurement of the energies of single particles are reviewed.
The CRESST collaboration develops massive calorimeters operating in the mK temperature range [15] . Their motivation is the search for dark-matter particles, e.g. WIMPs, via the elastic scattering off nuclei. While scintillation or ionization detectors detect only a smaller fraction of the deposited energy, calorimeters have the advantage of detecting a much larger fraction of the energy of a nuclear recoil [38] . To achieve the low energy threshold required for such experiments, superconducting phase transition thermometers operating at temperatures below ∼ 140 mK are employed. Under investigation are thermometers made of iridium (T C ∼ 112 mK), tungsten (T C ∼ 14 mK) and proximity bilayers of gold and iridium to adjust the transition temperature.
Ferger et al report a calorimeter which consists of a 31 g sapphire crystal with an iridium-gold proximity bilayer thermometer operated at a temperature of 44 mK [15] . An energy resolution of 210 eV (FWHM) for 5.89 keV x-rays was demonstrated. Experiments were also performed with a calorimeter consisting of a 18.3 g Si absorber and an Ir thermometer operating at T = 220 mK [39] . For irradiation with 5.5 MeV α-particles a relative energy resolution of 1% has been obtained.
The measured electronic noise was white in the frequency range between ∼ 3 Hz and the cutoff frequency consistent with the time constant of the read-out circuit. Noise sources considered are the current noise contribution of the SQUID and Johnson noise of the thermometer, the reference resistor and the filter resistor of the SQUID. Noise contributions such as thermodynamical fluctuations or noise of the current source are negligible. It was found that the observed noise in the normal or superconducting state was within 15% of the prediction, while it was 1.5 to 2.5 times higher for operating points within the transition. Excess noise in superconducting films has already been observed and is ascribed to flux flow or thermal fluctuations [29] .
The detection of 5.5 MeV α-particles with a calorimeter gave a result different from that predicted by the simple model (cf equation (2)). Instead of just one decay time constant of the pulse, there were two decays, a fast one (τ f ast = 0.4 ms) and a slow one (τ slow = 290 ms). This is not an unexpected result since the formulation of the problem assumed thermalized phonons which cannot be true in a Si crystal at the time scales relevant here.
A comprehensive model for these very low-temperature calorimeters was developed by Pröbst et al [13] . Their model explains the cause of the different time constants in the observed pulses (see figure 5 ). The possibility of fabricating thermometers with different transition temperatures and the flexibility to adjust the transition width were helpful while developing the model and also allowed a good test of the description by checking the influence of the operating temperature on the pulse shape. The relatively H Kraus broad transition of the Ir thermometer gave the opportunity to investigate the temperature dependence of a calorimeter signal in the temperature range of 210 mK to 230 mK [39] . It was shown that the amplitude of the slow component had a temperature dependence consistent with the assumption of a Debye heat capacity to within 10% error. Thus, the slow component may be identified as the thermal component of the signal.
Proximity bilayers of gold and iridium made the temperature range from 33 mK up to 106 mK available. By varying the thickness of the gold and iridium layers thermometers with transition temperatures within this temperature range were designed and aided in revealing the temperature dependence of several parameters entering the model. The transition temperatures of the bilayers were lower than predicted by the de Gennes-Werthamer theory but, after addition of a free parameter to the model, a good description of the data was obtained [40] . The transition width of the bilayer was always smaller than that from the pure iridium layer deposited simultaneously with the bilayer. Transition widths as low as T = 0.2 mK were achieved.
Colling et al report calorimeters with absorbers of 4 g and 32 g sapphire equipped with tungsten thermometers [41] . The tungsten thermometers were produced with ultra-high-vacuum techniques and exhibited the critical temperature of bulk material (T C ≈ 15 mK). Figure 6 shows the resistance versus temperature curve of the tungsten thermometer on a 32 g sapphire absorber. During this measurement, the magnetic shield normally surrounding the detector was removed which caused a smoothing of the transition and a shift of the transition temperature by 2 mK towards lower temperature. To test the energy resolution and threshold of the detector, it was mounted in a dilution refrigerator and exposed to a fluorescence x-ray source as shown in figure 7 . The resulting energy spectrum is shown in figure 8 . The energy resolution for this detector is 99 eV at 1.5 keV and its energy linearity is better than 0.3%. The energy resolution at no energy deposition (baseline width) is 32 eV. The results obtained with this detector are already very promising in respect to the planned dark-matter search experiment [42] .
The absorber of a calorimeter or a bolometer need not necessarily be dielectric. Also superconducting absorber materials can be used. The specific heat in a superconductor reduces as exp(− /(k B T )) compared to T 3 in the case of a dielectric. In order not to electrically short the superconducting thermometer on the absorber surface, an insulating layer is deposited between the absorber and the thermometer. Thus, only phonons are detected by the thermometer, while the quasiparticles excited in the absorber first have to recombine by emission of phonons before the energy stored therein can be detected. This feature may be responsible for the long decay time of the signals. Another reason could be that the thermalization of non-thermal phonons in the metal film of the thermometer causes excess heating which fades as the thermometer film radiates back in the absorber. There could also exist additional reservoirs in which energy is stored. These reservoirs are connected by thermal links, each with its characteristic time constant. Thus a variety of time constants observed in the pulse can be explained.
Forster fabricated detectors with absorber crystals made of vanadium, molybdenum, lead and tin [43] . For vanadium and molybdenum, a specific heat in excess to the expectation from the Debye law was found and attributed to impurities. The heat capacity of lead and tin was consistent with the expectation. With a tin absorber of 1.1 g mass, an energy resolution of E = 360 eV for 5.89 keV xrays was achieved. The thermometers used to read the temperature rise of the calorimeter were either iridium phase transition thermometers or gold-iridium proximity effect thermometers.
The group at GSI † investigates calorimeters with aluminium thermometers operated at 1.5 K [44] . Their application is in heavy-ion physics with impact energies of up to 2 GeV per nucleon, where the degradation of the detectors due to radiation damage is an important issue. Conventional detectors for heavy-ion physics, such as semiconductors or ionization chambers, provide a relative energy resolution of E/E ≈ 1%, while the latest results of the GSI group are E/E = (3.9, 1.6 and 4.3) × 10 The thermometer was an aluminum film on one surface patterned as a meander structure to match the electrical impedance of the preamplifier. At a transition temperature of T C = 1.443 K the transition width (25% to 75%) was δT = 9 mK. This yields a sensitivity of α = 110 K −1 . Although the number of groups working on high-T C bolometers is so much higher than those optimizing low-T C bolometers and calorimeters, there still exist many applications in which low-T C materials are required. The most important applications include bolometers for ultrafast spectroscopy of phonons in solids in the K temperature range and detection of very small energy depositions which require calorimetric operation in the mK temperature range for highest sensitivity.
High-T C bolometer
High-T C bolometers could be favourably applied to farinfrared laboratory spectroscopy as well as to space applications in which radiative cooling or single-stage Sterling cycle cooling could be used. In the wavelength range λ < 20 µm photovoltaic detectors such as HgCdTe provide excellent performance. For the longerwavelength range, high-T C bolometers could replace present, lower-performance detectors such as pyroelectric sensors, thermopiles, or the Golay cell [45] .
The strong interest in high-T C bolometers is in addition motivated because N 2 temperatures are acceptable in some experiments, while He temperatures or even lower are not. Of course, bolometers operating at N 2 temperature perform orders of magnitude worse than those operating at He temperature, but they are much better than those operating at room temperature.
High-T C materials are not elemental, but compounds made of yttrium, barium, copper and oxygen (YBCO) and therefore the fabrication of high-T C bolometers is more delicate than the fabrication of the classical low-T C † Gesellschaft für Schwerionenforschung, Darmstadt, Germany.
detectors. Commonly used substrate materials are silicon, sapphire, ZrO 2 , LaAlO 3 or SiN. Much attention has been given to silicon substrates because of their compatibility with on-chip electronics implementation in semiconductor technology. The performance of a bolometer is usually expressed in parameters such as NEP (noise equivalent power), D * (specific detectivity) and τ (the bolometer time constant). This section tries to summarize some of the results for high-T C bolometers which were fabricated and tested since the availability of high-T C materials.
Some of the early bolometers were thermally isolated from the temperature reservoir by suspending the substrate on which the high-T C film resided with thin wires. Such bolometers offered relatively high responsivity, but at the cost of a very long response time τ . A faster response was realized in bolometers where the heat transfer was dominated by the thermal resistance at the boundary between the thermometer film and the substrate. With increasing progress in micromachining techniques, thinning of the substrate became very popular. The advantage of this technique is that the small thermal mass of the superconducting film and the small mass of the substrate directly underneath the thermometer film allow high responsivity combined with a fast response time.
Microfabrication techniques with silicon are very mature.
Its application to micromachined substrates with windows on which arrays of high-T C bolometer are fabricated is obvious. Silicon is of advantage for high-T C work for several reasons [46] .
(1) Silicon exhibits at T ≈ 90 K a thermal conductivity similar to that of sapphire. Some other materials with higher thermal conductivity cannot be used because they do not support epitaxial growth of high-T C films. (2) Silicon is transparent for infrared radiation from the near-infrared to the submillimetre range [47] . Thus, more sophisticated geometries, such as backside illumination, are possible. (3) The microfabrication techniques are well developed. (4) Good-quality high-T C film growth with pulsed laser deposition (PLD) can be achieved [48, 49] .
With an epitaxial YBCO film bolometer on a Si (100) substrate and thickness ∼25 µm, a rise time of < 500 µs has been demonstrated [46] . The NEP of ∼ 7×10 −10 W Hz −1/2 at 10 Hz was limited by amplifier noise. The operation of bolometers on 0.75 µm thick windows in substrates of thicknesses ranging from 4 µm up to 400 µm has been shown. A good example of micromechanical fabrication can be found in [50] . Figure 9 shows the general layout of such a detector. A DyBaCuO film with low thermal heat capacity is combined with a micromachined silicon structure providing excellent thermal insulation. A silicon wafer was treated such that a 400 nm thick Si 3 N 4 membrane window remained. On top of this window a 200 nm thick yttria stabilized zirconia (YSZ, ZrO 2 stabilized with Y 2 O 3 ) film was deposited, which supported the 180 nm DyBaCuO thermometer. The lateral dimensions of this structure were 75 µm × 75 µm. This bolometer gave a responsivity of 800 V W −1 at a time constant of 1 ms. Verghese et al [51] calculated the noise equivalent power of a high-T C bolometer on a 1×1×0.02 mm 3 substrate, assuming a transition width of δT ∼ 0.5 K at ω/(2π ) = 10 Hz. Such a device could exhibit a noise equivalent power of NEP ≈ 10 −11 W Hz −1/2 . Under the same conditions, a pyroelectric sensor would exhibit NEP ≈ 1-5 × 10 −10 W Hz −1/2 . Bolometer films of 300 nm thickness of epitaxial c-axis YBCO were fabricated by in situ laser ablation [51] . The 1 mm 2 bolometer was deposited on top of a 50 nm thick buffer layer of SrTiO 3 on an Al 2 O 3 substrate. No patterning of the film was done and the 1 mm 2 Al 2 O 3 was lapped from its original thickness down to only 20 µm. To provide electrical contact, silver pads were evaporated onto the bolometer. Electrical leads of 25 µm diameter copper wire were attached to the contact pads by silver paint. The lengths of these wires determined the thermal conductance between the bolometer and the temperature reservoir. On the backside of the chip gold black smoke was deposited as radiation absorber [52] . With laser light of 632 nm wavelength a peak optical responsivity of 17 V W −1 was obtained (τ = 55 ms). This corresponds to an optical noise equivalent power of NEP = 2.4 × 10 −11 W Hz −1/2 at a chopping frequency of 10 Hz. The bolometer was coated with gold black smoke as absorber for radiation in the wavelength range 20 µm to 100 µm. A second bolometer was fabricated on a 3 × 3 mm 2 substrate [53] . The YBCO film was deposited on a double buffer layer of 10 nm Y 2 O 3 on top of 10 nm of yttria stabilized zirconia. A bismuth absorber was used for radiation in the wavelength range from 100 µm to 300 µm. This bolometer exhibited a noise equivalent power of NEP = 3.6 × 10 −10 W Hz −1/2 at 10 Hz and a time constant of τ = 120 ms. Both bolometers were used to measure the absorption spectrum of water vapour. The 1×1 mm 2 [54] . Verghese et al also calculated that high-T C bolometers are limited by thermal fluctuations rather than by photon field fluctuations in the wavelength range of interest [53] . If viewing a 300 K background, thermal fluctuations dominated for wavelengths λ > 1.5 µm.
Patterned YBCO films of small size tend to exhibit high excess voltage noise compared to their virgin counterparts. A correlation between the fabrication process and excess noise of a bolometer film has been found [14] . In general, films which showed high quality in terms of other parameters exhibited low noise before processing. Processing, especially in the form of narrow lines (meander structure) causes an increase of noise, where poor quality films degraded more rapidly than high quality films.
A distinction is often made between a bolometric and a non-bolometric mode of temperature transducer operation. In the bolometric mode, the signal is generated by a heating effect of the electrons, which subsequently changes the film resistance. This mode prevails in homogeneous films, which have a low defect density and which are quite often grown epitaxially. The non-bolometric mode is observed in granular films, which can be viewed as a cluster of loosely coupled grains or a network of grain boundary Josephson junctions [55, 56] . The current through the film is carried by Josephson currents between these grains. If radiation is absorbed, the phase coherence between the Cooper pairs is destroyed. This causes a phase slip which represents a resistive term. Such behaviour has been observed in granular films biased at currents less than the critical current for the junction network. Associated with the phase slip is phase slip noise which is also caused by the propagation of vortices in the superconductor [24] . Additional noise sources in imperfect films are introduced by defects and weak links. In order to avoid such excess noise contributions and the requirement of a sharp transition, the growth of epitaxial films is highly favoured.
Oppenheim et al fabricated bolometers with epitaxial high-T C films [57] . They employed epitaxial growth for the YBCO films of the high-T C films of the bolometers. Film deposition was performed by the laser ablation technique [58] . The total film thickness was ∼ 1 µm and the substrate was a (100) SrTiO 3 of 0.5 mm thickness. The YBCO film on its substrate was mounted on a copper heater insulated by a glass sheet from the 77 K heat sink of the cryostat. This arrangement allowed for good temperature control up to temperatures of 98 K. The YBCO film had a transition temperature of 90.3 K. At the steepest part of the resistancetemperature curve, the slope was dR/dT = 4.0 K A peak detectivity of D * = 6 × 10 9 W −1 cm Hz 1/2 near 4 Hz or NEP = 1.6×10 −11 W Hz 1/2 and a time constant of τ = 300 ms has been demonstrated for an YBa 2 Cu 3 O 7−x thin-film transition edge thermometer on a thinned sapphire substrate [61] . This is so far the best result in terms of detectivity; however, Richards et al achieve D * = 4.2×10 9 W −1 cm Hz 1/2 with a much faster time constant of τ = 55 ms [4] . The substrate (R-plane sapphire, diameter 0.5 in) was thinned to 25 µm. On the top surface an YBCO film (thickness: 150 nm) was deposited on a 30 nm thick CeO 2 buffer layer. For radiation absorption, the bottom face of the thinned substrate was blackened with a carbon layer. The absorption of high-T C films in the infrared and far-infrared wavelength range is poor, hence some absorber layer should be provided. [65] . The high-T C film was grown on a lattice matched buffer film (YSZ, thickness 50 nm) on a microfabricated (100) oriented silicon membrane of 1 µm thickness. The active area of the bolometer was 0.85 µm × 0.85 µm and the time constant was 0.4 ms. The detectivity of this bolometer is almost as high as the one reported in [4] but the response time achieved in [65] is faster by two orders of magnitude. Upon thermal optimization, this type of detector should be competitive with state-of-theart quantum detectors. The present detector technology for N 2 cooled detectors is dominated by Cd 1−x Hg x Te systems which exhibit detectivity values D * well above 1 × 10 10 W −1 cm Hz 1/2 at response times of order µs. Infrared radiation can also be coupled to a detector by means of an antenna. In the narrow region between the terminals of the antenna, a superconducting transition edge thermometer can be put. Biased in the middle of the transition, the resistance converts the current flowing between the antenna's terminals to heating power in the thermometer, which can then be detected. In contrast to a plain absorber, an antenna selects one spatial mode and one polarization. The antenna is a planar thin film which is photolithographically structured. Several shapes of antennae have been investigated. These include the log periodic and the log spiral type [4] . Such antennae are broad band and self-complimentary (i.e. the area covered by metal is of the same shape as the area of bare dielectric). They have a frequency independent real terminal impedance of R = 377
where is the dielectric constant of the thick substrate material. Since the throughput of an antenna is proportional to λ 2 , good rejection of short-wavelength background is attained as compared to conventional bolometer, where the throughput is almost constant over a wide frequency range. Antennae on thick substrates have the disadvantage that they radiate primarily into the substrate. Thus, the substrate is often shaped into a dielectric lens and the antenna is irradiated through the substrate [66] . A design analysis shows that the noise equivalent power of high-T C antennacoupled superconducting microbolometers could be as low as 2.5 × 10 −12 W Hz −1/2 [67] . So far, experimental data give NEPs in the 10 −11 W Hz −1/2 range, already within a factor of 4 to the theoretical noise limit.
Recent progress with antenna-coupled high-T C superconducting microbolometers for infrared wavelength has been made [68] . Micromachined silicon was used as a substrate which has good infrared transmission properties. Above a thin Si window, a YSZ-CeO 2 buffer layer was grown on which subsequently an YBCO film was deposited. The section underneath the YSZ was etched away, thus providing excellent thermal isolation of the YBCO phase transition thermometer. An antenna of the planar log-spiral type was used. The responsivity over a 0.2-2.9 THz bandwidth was 2900 V W −1 , the optical noise equivalent power NEP was 9 × 10 −12 W Hz −1/2 and the time constant was < 10 µs.
SNS and SIN bolometer and calorimeters
SNS bolometers
The SNS bolometer consists of two superconducting metal films which are separated by a thin barrier of normalconducting material [69] . Clarke et al used copper for the normal layer and lead for the superconductor [28] . The copper was alloyed with a few per cent of aluminium in order to improve film stability. Thus, the lead was in the clean limit with a mean free path for electrons of ≈ 1 µm while the copper was in the dirty limit, exhibitinḡ ≈ 10 nm. The SNS bolometer exploits the temperature dependence of the critical current of the junction.
If the junction area is large or if the current density is high, the magnetic field caused by the current passing through the junction gives rise to a Meissner effect within the junction [70] . This regime is called the self-field limiting case (SFL). The current passing through the junction is excluded from the interior and only flows within a fringe with a width of about the Josephson penetration depth λ J along the perimeter. Self-limiting becomes important as soon as λ J 1 2 w in a square junction of side w [69] . In this case, the critical current is given by
Here, A is a temperature independent constant for T 1 2 T C and
. Thus, for maximum sensitivity, high currents should be used. If the tunnel junction is biased with a constant current I greater than the critical current I C then the approximate voltage signal across the junction is given by
with R the junction resistance. The combination of (20) and (21) yields
From equation (22) it is evident that high critical currents I C (i.e. SFL junctions) favour a high sensitivity. The responsivity is calculated by dividing equation (22) by g, the thermal conductance. It can be shown that in typical applications (using g = 5 × 10 −8 W K −1 ), thermal feedback is negligible and the sensitivity for such a device is approximately
Pb-Cu-Pb bolometers were fabricated on sapphire and read-out by an r.f. SQUID [28] . The devices exhibited noise equivalent power as low as NEP = 5 × 10 −15 W Hz −1/2 and were limited by Johnson noise.
SIN bolometer
Tunnel junctions where one of the metal films is superconducting are also good candidates for temperature measurements. This idea led to the development of a novel hot-electron microbolometer [71] . Such tunnel junctions consist of two metal layers separated by a thin oxide layer which serves as tunnel barrier. We assume an operating mode where the voltage drop V across the tunnel barrier is higher than the equivalent thermal energy and lower than the energy gap of the superconductor (k B T /e V < /e). Then the current flowing through the tunnel barrier is a function of the density of free electrons, quasiparticles in case of a superconductor. At sufficiently low temperatures (T /k B ), the thermal current for an SIN junction is [72] 
At constant current and for small operating voltages (|V | /e) the maximum value of (∂V /∂T ) I is
In order to reduce the Johnson noise of the tunnel junction to a value below the noise created by thermodynamical fluctuations (≈ 2.5 × 10 −15 W Hz −1/2 ), the resistance R N N of the tunnel junction (area: (100 µm)
2 ) should be as low as 0.02 . Tunnel junctions with such low resistance are difficult to make, especially if they have to be leakage free and stable with respect to thermal cycling or storage.
Comparing the figures for noise equivalent power and responsivity, a tunnel junction can achieve the same performance as a superconducting phase transition thermometer. The advantage of tunnel junctions is that they operate over a much wider range of temperature than do phase transition thermometers. However, high-quality tunnel junctions are very difficult to make.
If the superconductor is niobium ( = 1.5 meV) operated at a temperature of T = 1.2 K and, assuming a thermal conductance g ≈ 5 × 10 −8 W K −1 , then the maximum responsivity is
Even lower values for the thermal conductance g can be achieved. [73] . Heat flow of electrons from the thermometer into the radiation absorber or antenna can almost be eliminated by fabricating the absorber or antenna structure from a material with a higher-T C as compared to the thermometer. Then the electrons in the thermometer metal are Andreév reflected and the energy stays confined to the thermometer [74] .
Recently, very good progress has been demonstrated with SIN junctions [75] . The device is based upon a tunnel junction where the base film and absorber are made of copper. Electrical contact to the copper film is established via superconducting lead leads. The device exploits Andreév reflection and the weak electron-phonon coupling at low temperature. Thus, it produces a large voltage signal for a very small input power with a responsivity of about S ≈ 10 9 V W −1 . At an operating temperature of T = 100 mK, an amplifier noise limited electronic noise equivalent power of NEP el ≈ 3 × 10 −18 W Hz −1/2 was measured.
The absorbed power is focused on the temperature measuring element (SIN) by superconducting contacts which provide electrical but not thermal contact. As equation (26) suggests, the responsivity can be maximized by minimizing the thermal conductance g. If power is absorbed by the electrons in the normal metal region, it can be dissipated through mainly three possible channels. The first channel could be electrons flowing out of the active region into the contact pads. Since the contacts are made of a superconductor, the electrons are confined by means of Andreev reflection. The second energy loss is imposed by the temperature measurement, i.e. electrons tunnelling through the barrier of the SIN junction. However, this contribution can be neglected here. The dominating noise source is the loss of energy to phonons. This is described under certain simplifying assumptions by a thermal conductance g = 5 V T 4 , with T the electron temperature and and V a material constant and the volume of the metal film. Experimentally, a thermal conductance of 2 × 10 −13 W K −1 at T = 100 mK has been measured, which is several orders of magnitude smaller than that of conventional bolometers operating at the same temperature.
Operated as a microcalorimeter, such a detector with an SIN junction was exposed to the x-rays emitted by an 55 Fe radioactive source [76] . The x-ray photons had energies of 5.89 keV (88%) and 6.49 keV (12%). The absorber was a 0.5 µm thick Au film with an area of 100 µm × 100 µm. The energy resolution for the 5.89 keV radiation was 22 eV (FWHM) with a time constant of 15 µs. The thermodynamic limit for this detector predicts an energy resolution of 1.3 eV and, among other causes, the authors quote that the normal state resistance of the SIN junction was a factor of eight higher than needed to approach the thermodynamic limit [76] .
Alternative bolometers
Kinetic inductance bolometers
As noted earlier, the theoretical limit for the detectivity of a bolometer is given by the fluctuations of the energy exchange between the bolometer and its environment. In practice, however, there are additional noise sources to deal with and it is a challenging task for experimentalists to furnish devices which exhibit performance close to the theoretical limit. Johnson noise, as an example, originates from the dissipation of energy in a resistor. This type of noise could be avoided by using thermometers other than resistive ones. In addition, the limitation of sensitivity of resistive thermometers imposed by self-heating through the bias current should be avoided.
One of these dissipation free temperature transducers is the superconducting kinetic inductance thermometer [77] . Such a superconducting strip line is operated below its transition temperature, whence it exhibits no Johnson noise. Its low impedance matches perfectly that of a very lownoise SQUID amplifier, thus electronic noise is minimized. A theoretical noise analysis showed that Johnson and preamplifer noise of such a device could be reduced to about 7 × 10 −20 W Hz −1/2 . The general layout of a kinetic inductance bolometer is shown in figure 10 . We consider a superconducting ground plane gp which is covered by a dielectric material of thickness t. On top of the dielectric runs a superconducting strip line of width W and length . The inductance L of the micro strip line then is The first term is due to the magnetic field within the dielectric while the second and third terms represent the contributions from the strip line and the ground plane. The penetration depth λ exhibits, for temperatures just less than T C , a strong dependence on temperature:
This temperature dependence allows the realization of a thermometer. Several materials, such as aluminium [78] or niobium [79, 80] , have been investigated, to name only a few. A superconducting kinetic inductance bolometer to be used in a radiometer for 300 K black-body radiation has been demonstrated [81] .
It exhibits a noise of approximately 0.7 pW for an integration time of 100 s. The responsivity was determined over a temperature range from 5 K to 7 K, with a typical value of S = 0.76 × 10 6 V W −1
at T = 5.09 K. This result is in reasonable agreement with the theoretical analysis of the device.
Microwave enhanced bolometers
A bolometer has been proposed which employs microwave radiation to intrinsically amplify the signal caused by energy deposition [82] . The surface of the absorber crystal is covered with a superconducting film. This superconducting film is exposed to microwaves with an energy less than the energy gap of the superconductor. If an energetic particle is absorbed in the absorber crystal, subsequent non-equilibrium phonons create quasiparticles in the surface superconducting films. The excess quasiparticles absorb microwave photons which heat the crystal. A crucial assumption is that the absorption of microwave power does not alter the quasiparticle lifetime. As yet, the experimental demonstration of this detector concept is missing.
Conclusions
Superconducting bolometers and calorimeters are being developed for applications to a wide range of different fields such as particle astrophysics, molecular physics or condensed matter physics. The development of such superconducting detectors is almost always carried out in smaller laboratories or research centres while users of semiconductor detectors can resort to a whole industry. As a consequence, the potentially high performance of superconductor detectors is often limited by the available fabrication techniques. But there are still niches where even the best semiconductor devices do not suffice due to physics limitations. The research in the field of superconducting bolometers is very active. Many successful applications have been demonstrated already but there is still much room for further improvement.
